Background--Sudden cardiac death (SCD) accounts for %300 000 deaths annually in the United States. Men have a higher risk of SCD and are more likely to have underlying coronary artery disease, while women are more likely to have arrhythmic events in the setting of inherited or acquired QT prolongation. Moreover, there is evidence of sex differences in the genetics of QT interval duration. Using sex-and coronary artery disease-stratified analyses, we assess differences in genetic association between longer QT interval and SCD risk.
S udden cardiac death (SCD) is among the leading causes of death in the United States, affecting %300 000 individuals annually. 1 SCD occurs as a result of multiple underlying disease pathologies, including heart diseases such as coronary artery disease and cardiomyopathies, as well as primary electrical defects. 2 Men have a higher risk of SCD than women, 3,4 and furthermore, the underlying cardiac pathology differs between the sexes. Coronary artery disease, the common underlying cause of SCD, is more common in men than in women. By contrast, nonischemic pathology, such as primary myocardial fibrosis, valvular heart disease, and arrhythmogenic right ventricular cardiomyopathy, occurs more commonly in women with SCD compared with men with SCD. 5-7 SCD is often the first manifestation of heart disease, particularly for women; several studies have found that women are less likely than men to have a prior history of known cardiac disease. 4, 8 It has been hypothesized that SCD is a much more heterogeneous condition in women, potentially attributable to the different underlying diseases, leading to differences in the associated risk factors.
Prolonged QT interval, a measure of ventricular repolarization, has been previously established as a risk factor for SCD, 9, 10 and recent studies using Mendelian randomization have demonstrated that this risk factor is causal. 11 Women, on average, exhibit longer QT intervals than men in the general population once puberty is reached. 12, 13 In addition, a previous study found that the increase in risk for overall cardiac death associated with prolonged QT interval was more pronounced in women. 14 Women also have higher risk of arrhythmic events than men in the setting of inherited or acquired (drug-induced) QT prolongation. 15 Based on the sex differences in QT interval in the general population and its association with overall cardiac mortality, we hypothesize that the risk of SCD associated with longer QT interval could differ by sex. Likewise, we also hypothesize that QT interval could differentially affect SCD risk depending on the underlying pathology (eg, ischemic versus non-ischemic disease).
Previous studies have shown that %34% of QT interval variation is heritable. 16, 17 In addition, recent research indicates that %21% of variation can be explained by common autosomal single-nucleotide polymorphism (SNPs) found genome-wide, including SNPs in genes such as KCNQ1, KCNH2, SCN5A, and NOS1AP. 18 The top SNP from the most recent QT interval genome-wide association study was the NOS1AP locus SNP rs12143842, which increased QT interval by 3.50 ms per T allele (P=1910 À213 ) 19 and accounts for %1% of the variation in QT interval. 20 This SNP has been previously associated with increased SCD risk 21, 22 and has also been found to have stronger effect on QT interval in women than in men. 20 In this study, we examined a large Finnish study of postmortem autopsy-confirmed SCD subjects to study the genetic association between QT interval and SCD risk. More specifically, we compared the association of the NOS1AP locus variant rs12143842 with SCD risk between subjects with underlying ischemic versus nonischemic disease. We also performed sex-stratified analyses within these groups to investigate any sex-specific association of the NOS1AP locus SNP with SCD risk. Finally, we performed Mendelian randomization to test for differences in the causal association between a previously identified causal risk factor, longer QT interval, and SCD in the setting of different underlying disease and/or between sexes.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request. The study has institutional review board approval.
Samples

Fingesture
This study complies with the Declaration of Helsinki and has been approved by the Ethics Committee of the University of Oulu and Finland's Ministry of Social Affairs and Health. The National Supervisory Authority for Welfare and Health (which is also known as Valvira) and the National Institute for Health and Welfare approved the review of autopsy data by the investigators.
The Fingesture study, started in 1998, aimed to collect consecutive individuals with of out-of-hospital sudden death from a defined geographic area, Oulu University Hospital District in northern Finland. All individuals with sudden death were autopsied at the Department of Forensic Medicine, University of Oulu, Oulu, Finland. Individuals with SCD were defined as those with a witnessed sudden death within 6 hours of the onset of the symptoms or within 24 hours of the time that the individual was last seen alive in a normal state of health. Individuals with age at SCD event <30 or >80 years old were excluded from analysis.
The underlying pathologies were divided into 3 categories: (1) ischemic, (2) nonischemic, and (3) other disease. The individuals with ischemic SCD included individuals with evidence of a coronary complication, defined as a fresh intracoronary thrombus, plaque rupture or erosion, intraplaque hemorrhage, or critical coronary stenosis (>75%) in the main coronary artery. The individuals with nonischemic SCD included individuals with the following conditions: hypertrophy
Clinical Perspective
What Is New?
• Our study investigated the differences in genetic and causal associations between longer QT interval and SCD risk between SCD individuals with autopsy-confirmed ischemic and nonischemic underlying disease. • We also investigated differences in genetic and causal associations between longer QT interval and SCD risk between men and women.
What Are the Clinical Implications?
• While not achieving traditional cutoffs for statistical significance, our results are consistent with the hypothesis that the causal association of longer QT interval on SCD risk is stronger in women and nonischemic individuals.
caused by hypertension, valve disease, cardiomyopathy attributable to alcohol use, dilated cardiomyopathy, hypertrophic obstructive cardiomyopathy, cardiomyopathy caused by obesity, arrhythmogenic right ventricular cardiomyopathy, and primary myocardial fibrosis. Further definitions of these conditions have been previously described. 5 The "other" individuals with SCD included individuals with the following conditions: myocarditis, cardiac anomaly, and individuals with a normal autopsy (eg, individuals with a channelopathy).
Northern Finland Birth Cohort of 1966
The Ethics Committee of the Northern Ostrobothnia Hospital District in Oulu, Finland, approved the study protocol, which followed the principles of the Declaration of Helsinki.
Participation was voluntary and all participants provided their written informed consent. The NFBC (Northern Finland Birth Cohort) study is the product of a project initiated in the 1960s to examine risk factors involved in preterm birth and intrauterine growth retardation, and the consequences of these early adverse outcomes on subsequent morbidity. The NFBC1966 cohort comprised 12 068 mothers and 12 231 children with an expected date of birth in 1966 within the province of Oulu, Finland. Our study samples consisted of DNA extracted from the blood of the offspring at their 31-year follow-up visit.
Genotyping
Samples were genotyped for rs12143842 using 5 different platforms: Illumina Infinium Global Screening Array; Affymetrix Genome-wide Human SNP Array 6.0; Agena Biosciences MassARRAY; Applied Biosystems Taqman real-time polymerase chain reaction; and Illumina TruSeq sequencing. All genotyping and sequencing were performed according to the manufacturer's instructions. Quality control was performed separately on each data set before merging. Data set and quality control information are summarized in Table S1 . Overlapping samples between platforms were used to evaluate the accuracy of the genotyping (reported in Table S2 ). Using 1576 samples run on multiple platforms, 1957 pairwise comparisons were performed demonstrating a >99.9% concordance rate between the genotyping platforms. After exclusions, the study population included 2282 individuals with SCD and 3561 Finnish controls.
Statistical Analysis
P values for differences in the Fingesture study characteristics were calculated using a 2-sample t test for continuous variables and Pearson chi-square test for categorical variables. The genotypes for rs12143842 for all samples were merged, and logistic regression was performed using R (version 3.3.3), with sex as the only covariate. The SCD cases were stratified by sex and underlying disease (ischemic and nonischemic) to examine the SNP associations in each group. Differences between sexes were determined by incorporating an interaction term into the regression model. Two-tailed P values for differences in effect sizes between ischemic and nonischemic individuals for the rs12143842 genotype were obtained by permuting the genotypes within the cases 10 000 times, thereby maintaining the overall rs12143842 association with SCD as well as the differences in ischemic prevalence between sexes, thus specifically testing the hypothesis that ischemic status modified the association. This same permutation was also used to compare the ischemic men to nonischemic women for the rs12143842 association, with the exception of using a 1-tailed P value to reflect the specific nature of the hypothesis tested. Two-tailed P values for differences in effect sizes between the underlying disease groups for the Mendelian randomization analysis were obtained from a 1-degree-of-freedom Wald test. Multidimensional scaling (MDS) using PLINK version 1.9 was used for samples run on the Global Screening Array microarray (1168 cases/761 controls) to assess potential population substructure between the Fingesture and NFBC1966 studies. MDS is a method that reduces the high number of dimensions (ie, the number of SNPs) to a smaller number of dimensions based on similarities in the data and orders these MDS dimensions (called components) on the basis of the amount of variation explained in the data. 23 Most often, population substructure accounts for the most variation within the data and is captured in the first several MDS components.
Mendelian Randomization
While association tests establish observational relationships between a trait (ie, QT interval) and an outcome (ie, SCD), they cannot establish causality. Confounding variables, variables affecting both the trait and the outcome, can result in falsepositive associations. Mendelian randomization circumvents these potential confounders to establish causality by exploiting certain characteristics of SNPs: that they are (1) assigned at conception and (2) randomly distributed in the large population. 24, 25 Mendelian randomization has other assumptions that must be met as well, including the absence of pleiotropy. 26 This assumption is often hard to fully meet, leading to potential bias of the results. However, recent methods have been developed to remove potentially pleiotropic SNPs to meet this assumption.
Mendelian randomization uses genetic variants as instrumental variables to test for causal relationships between a trait and an outcome. We used a multi-SNP genetic risk score association (GRSA) model to test for causality between QT interval and SCD in our stratified data sets. The SNPs used in the model are known to be associated with the trait of interest. In this study, we used genome-wide significant SNPs from the most recent QT interval genome-wide association study. 19 The SNPs were pruned for linkage disequilibrium (LD) using the "clump" method in PLINK version 1.9, which removes any SNP within a 1-Mb window of the SNP with the lowest P value. This step is performed to remove any correlated SNPs and reduce any potential bias. The GRSA model uses 57 linkage disequilibrium-pruned SNPs to compare the association of these SNPs with the trait of interest (b trait ) to the association of the SNPs with SCD (b outcome ) using the R package "MendelianRandomization." 27 Zerointercept inverse-weighted (IVW) linear regression is used to calculate the GRSA estimate, which is the slope of the resultant regression line, and estimates the difference in log odds of SCD risk per SD increase in QT interval. We used the HEIDI-outlier method from the "gsmr" R package to detect and remove potentially pleiotropic SNPs. 28 Finally, we used the MR-Egger Intercept test to test for the presence of pleiotropy. 29-31 P values for difference in GRSA estimates were obtained from a 1-degree-of-freedom Wald test.
Genome-wide SNP data are required for Mendelian randomization analyses and therefore only the Fingesture and NFBC1966 samples genotyped using the Infinium Global Screening Array and imputed to the National Heart, Lung, and Blood Institute Trans-Omics for Precision Medicine imputation panel using the University of Michigan imputation server 32 were used in this analysis (1168 individuals with SCD and 761 Finnish controls). Logistic regression for single SNP association tests were run using FAST version 2.4. 33 We performed several stratified analyses, including by sex and underlying disease (ischemic and nonischemic disease). There were a small number of SCD cases with other underlying disease genotyped on this array and therefore were included only in the overall analysis and sex-stratified analyses but were excluded from the underlying disease-stratified analysis and subsequent sex-stratified analyses.
Results
The SCD population is composed of a subset of the Fingesture study of Finnish SCD subjects with autopsy-confirmed assessment of underlying heart disease in whom DNA was available at the time of this study (n=2282). Controls were drawn from the NFBC1966 and are composed of 3561 Finnish individuals born in 1966. Characteristics of the Fingesture study are detailed in Table. Additional information about the different sample subgroups are provided in Table S3 . To assess for potential population stratification, we ran MDS on a subset of the samples with genome-wide SNP data (1168 cases/761 controls). We assessed the top 10 MDS components, which can be used to visualize potential population substructure, for association with SCD status to test for possible confounding of our SNP association results. We ran logistic regression for SCD status, including sex and the top 10 MDS components as independent predictors in the model. Results are in Table S4 . Plots for the top 10 MDS components, colored by SCD status, are found in Figure S1 . MDS component 7 was associated with SCD status after multitest correction (P<0.002) (Table S4) , indicating the potential for confounding attributable to population substructure. However, combined, the top 10 components explained only 0.9% of the variance in SCD status, suggesting likely minimal impact. This minimal impact was confirmed by sensitivity analyses (described below).
NOS1AP Locus SNP Analysis
Given the previously established relationship between QT interval and SCD risk, and with NOS1AP locus SNPs and SCD in other cohorts, 9, 10 we first sought to assess the association between SCD and the NOS1AP locus SNP rs12143842. When analyzing all 2282 SCD cases and 3561 controls, the T allele of rs12143842 was significantly associated with increased SCD risk with an odds ratio (OR) of 1.14 for each copy of the QT lengthening allele (95% CI, 1.04-1.25; P=0.005). In sensitivity analyses, including the 10 top components from the MDS analysis in the model minimally increased the effect estimate (see Table S5 ). All SNP association results are summarized in Figure 1 and Table S6 .
Ischemic versus nonischemic
To explore whether the association of rs12143842 differs by underlying disease pathology, we stratified the SCD cases into those with (1) 
Men versus women
Given that QT interval is a stronger SCD risk factor in men than women, and rs12143842 has a larger effect on QT interval in women than in men, 20 we next investigated whether the association of rs12143842 on SCD risk differed between men and women. We limited sex-stratified analyses to SCD cases with underlying ischemic and nonischemic pathology and excluded those with other underlying conditions because of the small sample size of those with other conditions. Among 1862 men with SCD and 1641 male controls, the rs12143842 QT lengthening allele was marginally associated with an increased risk of SCD (OR, 1.11; 95% CI, 0.99-1.23; Table S6 . OR indicates odds ratio; SCD, sudden cardiac death.
P=0.07). When stratified by underlying disease pathology, the association was significant among men with nonischemic SCD (579 cases/1641 controls) with an OR of 1.17 (95% CI, 1.00-1.37; P=0.045), while there was no statistically significant association in men with ischemic SCD (1245 cases/1641 controls) for SCD risk (OR=1.09; 95% CI, 0.96-1.23; P=0.18; P for difference between men with ischemic and nonischemic SCD=0.35).
Overall, among 420 female SCD cases and 1920 female controls, the rs12143842 QT lengthening allele was associated with increased SCD risk (OR of 1.24; 95% CI, 1.04-1.46; P=0.015). Similar to findings among men, a higher OR point estimate was observed in the women with nonischemic SCD (171 cases/1920 controls), with the rs12143842 T allele associated with a 1.37-fold (95% CI, 1.07-1.75; P=0.013) increased SCD risk compared with a 1.11-fold increased SCD risk (CI, 0.88-1.38; P=0.39) among women with ischemic SCD (233 cases/1920 controls; P for difference between women with ischemic and nonischemic SCD=0.20). None of the sex interaction terms was significant in the overall analysis as well as the disease-stratified analyses. However, consistent with our initial hypothesis, comparing the 2 extremes of our subgroups, nonischemic women to ischemic men, we find a significantly stronger association in the ischemic women (P=0.036).
Mendelian Randomization of QT Interval
Using Mendelian randomization approaches, we have previously established that QT interval is causally associated with SCD. 11 To investigate whether these causal associations differ on the basis of sex and underlying disease, we calculated GRSA estimates using the genome-wide significant SNPs from the most recent QT interval genome-wide association study. 19 Inverse-weighted linear regression was performed to compare the effect of the SNP on QT interval to the effect of the SNP on SCD risk in the sex-stratified and underlying disease-stratified data sets. Results are summarized in Figure 2 and Table S7 . Using the MR-Egger Intercept test, we did not identify any pleiotropy biasing our results (Table S8 ). Finally, all effect sizes for QT interval and each SCD subgroup for the 57 SNPs used in the Mendelian randomization analyses, along with the corresponding weights (1/SE SCD 2 ), are reported in Table S9 .
Among all people with SCD (n=1168 cases/761 controls), a 1-SD increase in QT interval was associated with a 1.42-fold increased risk of SCD (95% CI, 0.83-2.45; P=0.20), which translates in our sample population to a 1.10-fold increased risk of SCD per 10-ms increase in QT interval (95% CI, 0.90-1.34; P=0.20). While not statistically significant, these findings are consistent with our previous work (previous findings: OR in cardiac arrest risk per SD increase in QT, 1.44; 95% CI, 1.13-1.83; P=0.018). 11 Among individuals with nonischemic SCD (507 cases/761 controls), there was a 1.96-fold increase in SCD risk per SD increase in QT (95% CI, 1.00-3.82; P=0.05). By contrast, there was no evidence of a causal association of QT interval with SCD among SCD cases with ischemic disease (611 cases/761 controls; OR=0.88; 95% CI, 0.47-1.67; P=0.70).
Similar to our findings with NOS1AP locus SNP rs12143842, nonischemic women with SCD had the highest OR point estimate for a causal association of QT interval with SCD (OR in SCD risk per SD increase in QT, 3.60; 95% CI, 1.22-10.59; P=0.02). Nonischemic men had a large but nonsignificant causal association estimate between QT interval and SCD (OR in SCD risk per SD increase in QT, 1.47; 95% CI, 0.64-3.39; P=0.36). Among those with underlying ischemic disease, there was no evidence for a causal relationship of QT interval with SCD for men or women (OR in SCD risk per SD increase in QT, 0.92; 95% CI, 0.41-2.05; P=0.84; and OR in SCD risk per SD increase in QT, 0.80; 95% CI 0.22-2.94; P=0.74, respectively).
Discussion
In the general population, women have longer QT intervals than men, women experience a higher rate of arrhythmias in the setting of prolonged QT interval, and prolonged QT interval is causally associated with SCD. We therefore hypothesized that women would show a greater association between genetically determined longer QT interval and SCD. Given the different etiologies between ischemic and nonischemic cardiac disease, we further hypothesized that the genetic association with longer QT interval would also differ between the different underlying diseases. Our results, while not conclusive, support both of these hypotheses. We found that rs12143842, the top QT interval-associated SNP from previous genome-wide association study, 19 was associated with SCD risk in our overall data set. We observed a larger, albeit not statistically significantly different, genetic association on SCD risk in nonischemic individuals compared with ischemic individuals. Furthermore, the women with SCD in the setting of nonischemic cardiac disease had the highest OR for the association of rs12143842 with SCD risk, with a significant difference compared with ischemic men (P=0.036). Our Mendelian randomization analyses had similar findings; nonischemic individuals showed a potential causal association between longer QT interval and SCD, and female nonischemic individuals had the highest OR point estimate for the causal association. By contrast, both the SNP association and Mendelian randomization analyses did not show evidence for a genetic (causal) association between QT interval and SCD caused by underlying ischemic disease in men or women. These results suggest that SCD in the setting of ischemic disease may not be strongly influenced by myocardial repolarization (QT interval) or that the effect of longer QT interval on ischemic SCD risk is masked by other risk factors exerting a larger effect. While the differences in sex-and underlying disease-stratified associations were not statistically significant, the directionality of our findings is nevertheless consistent with our underlying hypotheses that SCD risk in nonischemic individuals, particularly women with nonischemic disease, may be influenced by genetically determined QT interval.
The underlying cause(s) of the sex differences in the association between longer QT interval and SCD remains unknown; however, sex hormones may play a role. Studies have previously established that testosterone and progesterone shorten the QT interval, while estrogen lengthens the QT interval. 34, 35 While the underlying mechanism is unknown, our findings support the hypothesis that nonischemic individuals are more susceptible to the effects of longer QT interval on developing SCD. Given that women already have underlying lengthened QT attributable to sex hormones, the addition of QT lengthening genetic susceptibility (ie, the T allele of the NOS1AP SNP rs12143842) may result in the higher observed risk of SCD in women with nonischemic disease.
While our study is consistent with the hypothesis that differences in SCD risk factors exist on the basis of both underlying disease and sex, several limitations should be noted. First, many of our analyses did not meet traditional Table S7 . GRSA indicates genetic risk score association; OR, odds ratio; SCD, sudden cardiac death. statistical significance cutoffs, though we note that the directionality of the results is entirely consistent with our original hypotheses. The study is underpowered to detect interactions, and thus, additional samples are necessary to confirm our results. Our findings in the subgroup analyses also require additional replication. Second, there is likely additional phenotypic heterogeneity within the underlying disease subgroups. The nonischemic group, as noted in the supplementary methods, consists of 8 different cardiac conditions. It is possible these different conditions, while similar in nature, may differ in their relationship between QT interval and SCD risk. Additional samples are needed to further stratify the nonischemic group to investigate whether a particular condition is driving the association. Third, while our MDS components indicated potential population substructure within a subset of samples, when we included the components as covariates in our analysis, the association was actually stronger. Therefore, not adjusting our main analysis for population substructure is likely resulting in a downward bias of the true association. Fourth, the NFBC1966 cohort used for our controls consisted of relatively young individuals (31 years old). Given that the mean age of our SCD cohort was 60 years, it is likely some of our "controls" will go on to have an SCD event later in life, and by not excluding these individuals, we bias our estimates toward the null. Fifth, the Finnish population is quite homogenous, and therefore our findings may not be applicable to other populations, including other Europeans. Finally, the highest OR point estimates were seen in women, and as women on average have lower rates of SCD, we have the least power to detect differences within this group. Nevertheless, our findings that women with SCD with nonischemic disease had the highest OR point estimates for the association between longer QT interval and SCD risk were consistent among the various analyses performed, including both SNP association tests and Mendelian randomization. The directionality of our findings is consistent with our original hypothesis, which stated that the effect of longer QT interval will differ by underlying disease pathology and would be stronger in women than in men.
In conclusion, we observed a significant genetic association in individuals with nonischemic SCD, as well as a potentially causal association, between longer QT interval and SCD risk. The highest OR point estimate was observed in women with nonischemic SCD, with the effect significantly higher than that observed in men with ischemic SCD. Indeed, individuals with SCD with underlying ischemic disease did not exhibit a significant genetic association or a causal association between longer QT interval and SCD, regardless of sex. In sum, our findings are consistent with a model in which SCD risk factors, particularly longer QT interval, may differ between sex and underlying disease etiology. 
